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The  photocatalytic  activity,  mechanism  and  characterization  of  polyethylene-TiO2 ﬁlms  (PE-TiO2)  during
the  discoloration/degradation  of  methylene  blue  (MB)  are  reported  in this  study.  PE-TiO2 ﬁlms  were  pre-
pared  at  moderate  temperatures  (∼90 ◦C).  TiO2 did  not  leach  out  during  discoloration/degradation  of  MB.
This is a signiﬁcant  ﬁnding  for a  low  temperature  catalyst-polymer  preparation  leading  to  a  stable  repet-
itive  MB degradation  kinetics.  MB discoloration  on  PE-TiO2 ﬁlms  proceeded  showing  a quantum  yield of
0.25%.  Band-gap  irradiation  of  TiO2 was  applied  by  way  of a mercury  medium  pressure  lamp  to  excite
only  TiO2 and avoid  MB  photosensitization.  The  nature  of  the  oxidative  radicals  intervening  in MB  dis-
coloration  was  investigated  by scavenging  experiments.  The  relative  importance  of  the  oxidative  species
during  MB discoloration  is:  TiO2vbh+ > HO2•/O2
•− > 1O2 >  OH•.  Evidence  is presented  for  the  superoxide
anion-radical  O2
•− at pH  6, as the  main  radical  species  leading  to  MB-discoloration.  The  MB-  discol-
oration  kinetic  trend  on  PE-TiO2 followed  the  behavior  observed  for  diffusion-controlled  reactions.  The
diffusion  distance  of  the HO2• and OH• radicals  during  the  discoloration  of  a solution  MB  1  ×  10−5 mol  L−1
were  estimated  as 71 and  2.2 m respectively.  The  OH• formation  was  assessed  quantitatively  during  MB
degradation  by  ﬂuorescence  measurements.  The  PE-TiO2 ﬁlm  at time  zero  presented  a contact  angle  (CA)
of ∼92◦, decreasing  within  the  ﬁve  hour  MB  discoloration  period  to  <5◦. Reversibility  from  the hydrophilic
nature  of the ﬁlm  to the  initial  hydrophobic  state  proceeded  in  the  dark within  few  days.  The  implications
of  the reversibility  time  on  the  MB-discoloration  performance  are  discussed.  Evidence  for redox  catalysis
during MB-discoloration  was found  by XPS  measurements.  The  surface  properties  of  the  (PE-TiO2)  ﬁlms
were  characterized  by  X-ray  ﬂuorescence  (XRF),  UV–vis  spectroscopy,  X-ray  photoelectron  spectroscopy
(XPS)  and  inductively  coupled  plasma  mass-spectrometry  (ICP-MS).
©  2016  Elsevier  B.V.  All  rights  reserved.. Introduction
The synthesis of environmentally friendly supported catalyst
ot needing high temperatures, organic solvents and expen-
ive/sophisticated equipment is a primary focus of environmental
atalysis/photocatalysis [1–6]. TiO2 has been utilized for over four
ecades as the “golden standard” since it generates oxidative rad-
cals under band-gap irradiation able to destroy pollutants and
acteria in the presence of air (O2), (H2Ov) and band gap photons
2,3]. Many studies have reported the photocatalyzed destruction of
∗ Corresponding author.
∗∗ Corresponding author.
E-mail addresses: cesar.pulgarin@epﬂ.ch (C. Pulgarin), john.kiwi@epﬂ.ch
J. Kiwi).
ttp://dx.doi.org/10.1016/j.apcata.2016.01.041
926-860X/© 2016 Elsevier B.V. All rights reserved.pollutants on TiO2 coated surfaces like glass, iron plates and Raschig
rings [5]. These are substrates with a high thermal resistance need-
ing the annealing of TiO2 up to few hundred degrees.
In the last decade many laboratories have focused on the dis-
coloration degradation of pollutants/dyes on TiO2 polymer ﬁlms
due to the polymers low-cost, high availability, stability, ﬂexibility
and corrosion resistance. Furthermore, PE ﬁlms have UV-resistance,
lack of oxidation in air, durability and chemical inertness. Poly-
mer  ﬁlms have shown to be useful as catalyst supports leading
to catalysis/photocatalysis with acceptable kinetics at the solid-air
interfaces [6–11]. Some studies have reported a small absorption
of organic compounds/dyes on PE in the dark.TiO2 nanoparticles have been attached on polymers from
colloidal suspensions, dip coating, phosphonate coupling, chem-
ical reduction, emulsion polymerization and spreading [14–20].
TiO2 on polymers are generally coated by corroding the polymer
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[ig. 1. Pseudo-ﬁrst order rates of MB  discoloration on PE-TiO2 (0.90 TiO2 wt%/w
 × 10−5 mol  L−1. Inserts: a) Mercury lamps emission, 4.3 mW cm−2, b) Reactor.
urface via organic solvents or TiO2 under light. This induces on
he substrate a sufﬁcient number of TiO2 binding sites [21–25].
ore recently, PE-TiO2 ﬁlms have been prepared by sputtering
echniques and shown to be successful in bacteria inactivation as
ell as in self-cleaning processes (MB) [26,27].
Methylene blue (MB) has been taken as the probe to test discol-
ration/degradation on PE-TiO2. The photocatalytic properties of
he PE-TiO2 ﬁlms were evaluated and the reactive oxygen species
ROS) unambiguously identiﬁed by selected scavenging experi-
ents. TiO2 supported ﬁlms avoid the undesirable problem of TiO2
ecovery after the pollutant degradation in aqueous solutions. The
atter process is expensive consuming time, labor and reagent costs.
The UV- and sunlight photo-activated MB  degradation mediated
y TiO2 suspensions has been reported [1–6]. Under sunlight, both
he MB and TiO2 are photosensitized, MB  injects electrons into the
iO2cb and in parallel converts MB  to the MB+* cation radical [3,5].
nder visible light, the electron injected into the TiO2 reacts with
2 and generates highly oxidative radicals discoloring/degrading
B,  shown below (1–5)
B + sunlight/visiblelight → MB∗ (1)
B + TiO2 → MB∗+ + TiO2cbe- (2)
iO2cbe- + O2 → O2
•− (3)
2
•− + H+ → HO2• (4)
B∗+ + HO2• → mineralizationofMBproducts (5)
The present study on PE-TiO2 ﬁlms is warranted due to: the
E low-cost, corrosion resistance and high adhesion of TiO2 on PE
uring repetitive MB-degradation. This study presents the low tem-
erature deposition of TiO2 on the PE polymer ﬁlm (90 ◦C) leading
o high adhesion of TiO2 on PE. We  have addressed only the UVA
xcitation of the PE-TiO2. UV 366 nm light was  applied to photo-
ctivate speciﬁcally the TiO2 avoiding the MB’s photosensitization
28,29].or different initial MB  concentrations: 1) 1 × 10−5 mol L−1, 2) 3 × 10−5 mol L−1,  3)
2. Experimental
2.1. Materials and PE-TiO2 ﬁlm preparation, MB  discoloration
kinetics, total organic carbon (TOC), X-ray ﬂuorescence,
irradiation sources, reactor geometry and actinometry
The low-density polyethylene (LDPE) is a highly branched low
crystalline ﬁlm with formula H(CH2-CH2)nH. The (LDPE) 0.1 mm
thick was  obtained from Goodfellow, UK (ET311201). The ﬁlm pre-
sented mechanical stability, had a density of 0.92 g cm−3 and was
thermally stable up to 96 ◦C.
TiO2 sols were prepared adding drop-wise a 1:1 volume mix-
ture of Ti-isopropoxide and isopropanol to a 0.2 mol  L−1 nitric acid
solution and reﬂuxing for 6 h. Then PE polymer ﬁlms 6 cm diam-
eter were cleaned with acetone and then coated with the TiO2
sol. A second series of TiO2 suspensions used dispersions of TiO2
Degussa P25. The TiO2 ﬁlm deposition on PE was carried out by
immersing the PE ﬁlm in a TiO2 30 g L−1 ethanol-suspension for 2 h
under agitation. The ﬁlms were then left to dry overnight, washed
gently with de-ionized water and dried at 90 ◦C. Some other TiO2
ﬁlms were also prepared by using TiO2 sol. The MB discoloration
kinetics shown by the ﬁlms prepared with TiO2 sol were less repro-
ducible compared to sol dispersions of TiO2 Degussa P 25. For this
reason, we  focused on the last preparation throughout this study.
The UV–vis spectra during MB  discoloration were followed in an
Schimadzu single beam instrument.
The total organic carbon (TOC) was determined in a Shimadzu
TOC 500 equipped with an ASI auto-sampler. The Ti content in
(PE-TiO2) polymer ﬁlms was evaluated by X-ray ﬂuorescence in
a PANalytical PW 2400 unit. A Philips low-pressure mercury vapor
lamp model TL-D-15W/08 SLV was  used for the photochemi-
cal experiments. The mercury lamp used provides an output of
1.2 × 1017 photons s−1 (4.3 mW cm−2) at 366 nm.
The photochemical reactors used shown in the insert of Fig. 1
were cylindrical with a diameter of 8 cm and contained an MB vol-
ume  set at 60 ml.  Experiments were performed according to the
ISO standards 10678: 2010 and 10676: 2010 [28] taking into con-
sideration: a) initial pH of the MB-solution ∼6, b) the use of BLB
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Fig. 2. Dependence of the pseudo-ﬁrst order rate constant k, on the PE-TiO2 loading, MB initial concentration: 1 × 10−5 mol L−1. Insert. (a) Total organic carbon reduction for
an  aqueous solution MB  5 × 10−5 mol  L−1 on a PE-TiO2 ﬁlm (0.90 TiO2 wt%/wt PE). Mercury light irradiation 4.3 mW cm−2.
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tig. 3. MB  1 × 10−5 M discoloration as a function of time on (0.90 TiO2 wt%  PE-TiO2)
2)  1.1 mW cm−2, (3) 1.9 mW cm−2, (4) 2.8 mW cm−2, (5) 3.5 mW cm−2, (6) 4.3 mW c
VA light, c) stirring of the MB-solution during the reaction, d) the
eight of the solution in the reactor kept above 2 cm,  e) pre-run
quilibration of the MB-solution in contact with PE-TiO2.
The actinometry addressed the photolytic reduction of Fe3+ to
e2+ [14] with a quantum of 1.26 reported for light at 366 nm.
errioxaylate (K3Fe(C2O4)3·3H2O) solutions were irradiated with a
ercury light (366 nm)  during different periods to obtain different
2+oncentrations of Fe . The irradiated solutions were mixed with
,10 phenanthroline 0.1% and buffered with CH3COONa·3H2O. This
llowed the complexing reaction between Fe2+ and 1,10 phenan-
hroline. Subsequently, the Fe2+ was quantiﬁed by measuring the at different mercury light intensities: (1) Dark run and runs underl ight on PE-TiO2,
absorbance of the colored complex at 510 nm. The procedure
described renders the amount of ferrous iron produced per unit
of time (moles Fe2+s−1).
2.2. Intermediate ROS scavenging, determination of OH• by
ﬂuorescence and ICP-MS determination of Ti-ions leached out
during MB discolorationNaN3 Fluka was  used as oxygen singlet scavenger (1O2). 1,4-
benzoquinone (BQ) and methanol were used respectively as O2
•−
radical scavenger and OH• scavengers [12]. Ethylenediamine tetra-
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Fig. 4. Repetitive MB  1 × 10−5 mol  L−1 discoloration as function of re-use on PE-TiO2 (0.90 TiO2 wt%/wt PE) ﬁlms, Mercury irradiation 4.3 mWcm−2.
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aig. 5. MB discoloration on PE-TiO2 of a solution MB 3 × 10−5 mol  L−1, PE-TiO2: 
0  mmol L−1 (HO•), NaN3 20 mmol  L−1 (1O2), EDTA-2Na 20 mmol  L−1 (h+) and Benz
5)  EDTA − 2Na.
cetic acid (EDTA-2Na) was used as TiO2vb hole scavenger [13].
he quantiﬁcation of the ROS (mainly OH•) was  carried out based
n the method proposed by Ishibashi et al. [30]. For this, 99%
erephthalic acid from Across Chemical Ltd. as well as NaOH 98%
rom Sigma Aldrich were used. A round PE-TiO2 sample of 6 cm
iameter was immersed in a 0.4 mmol  L−1 solution of terephthalic
cid dissolved in a 4 mmol  L−1 NaOH solution. After irradiation,
he solution was transferred in a quartz cell. The ﬂuorescence of
he 2-hydroxyterephthalic-acid was quantitatively monitored on
 Perkin Elmer LS-50B spectrometer. The spectra were recordedTiO2 wt%/wt PE) under mercury light 4.3 mW cm−2.  Scavengers used: Methanol
one(BQ) mmol  L−1 (O2
•−/HO2•): (1) No scavenger, (2) Methanol, (3) NaN3,  (4) BQ,
between 400 and 500 nm (scan rate: 100 nm/min) after excitation
at 315 nm.
The determination by inductively coupled-plasma mass-
spectrometry (ICP-MS) of the Ti eluted during MB  degradation was
carried out by a FinniganTM ICP-MS unit equipped with a double
focusing reverse geometry mass spectrometer. It has an extremely
low background signal and a high ion-transmission coefﬁcient. The
PE-TiO2 washing solution was  digested with nitric acid 69% (1:1
HNO3 + H2O) to remove the organics in the solution and to guaran-
tee that there were no remaining ions adhered to the ﬂask wall. The
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Fig. 6. MB 1 × 10−5 mol  L−1, discoloration on PE-TiO2, PE-TiO2 (0.9 TiO2 wt%/wt PE); mercury lamps: 4.33 mW cm−2: a) No scavenger at pH = 3, b) No scavenger at pH 6; c)
BQ  (2 mmol L−1) at pH = 3, d) BQ (2 mmol  L−1) at pH = 6, e) NaN3 (20 mmol  L−1) pH = 3; f) BQ (2 mmol  L−1) + NaN3 (2 mmol L−1) pH = 3; g) BQ (2 mmol L−1) + NaN3 (2 mmol L−1)
pH  = 6.
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(ig. 7. Relative ﬂuorescence increase in a solution 2-hydroxyterephthalic acid irrad
amples droplets are introduced to the ICP-MS trough a peristaltic
ump to the nebulizer chamber at ∼7700 ◦C allowing the sample
omponents evaporation and ionization. The Ti found in the nebu-
izer droplets was subsequently quantiﬁed by mass spectrometry
MS).
.3. Absorption and contact angle determination (CA)
The optical density (OD) of the semitransparent PE-TiO2 sam-
les was measured in a Cary 16 spectrophotometer. Its absorbance
easured in an aRTie F2-RT device since the samples presented
ome scattering. The hydrophilicity of the PE-TiO2 ﬁlms was  deter-
ined on a Data Physics OCA 35 unit assessing the contact angle
CA) of a water droplet deposed by the sessile drop method. up to 4 h (mercury light 4.3 mW cm−2) on a PE-TiO2 (0.90 TiO2 wt%/wt PE) sample.
2.4. X-ray photoelectron spectroscopy (XPS) of PE-TiO2 ﬁlms
An AXIS NOVA photoelectron spectrometer (Kratos Ana-
lytical, Manchester, UK) equipped with monochromatic AlK
(h  = 1486.6 eV) anode was  used for this study. The XPS spectra
were recorded by means of the software Casa XPS-Vision 2 (Kratos
Analytical, UK).
3. Results and discussion
3.1. MB  discoloration kinetics and effect of the TiO2 loadings on
the PE-TiO2 ﬁlms
Fig. 1 presents the initial discoloration rates (r0) for MB on
PE-TiO2 (0.9 TiO2 wt%/wt PE) ﬁlms at different initial MB  concen-
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Fig. 8. a) Optical density (OD) of the PE-TiO2 ﬁlms: (1) 0.46 TiO2 wt%/wt PE, (2) 0.57 TiO2 wt%/wt PE, (3) 0.63 TiO2 wt%/wt PE, (4) 0.88 TiO2 wt%/wt PE, (5) 0.90 TiO2 wt%/wt
PE.  b) absorbance of the PE ﬁlms.
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erations. These experimental runs were carried out following the
SO-standard for MB  degradation described by A. Mills [5,28]. The
B-discoloration takes place due to the mercury light (366 nm)
eaching the PE-TiO2 surface, as MB  presents an almost negli-
ible optical absorption between 350 and 460 nm [3,6,26]. The
valuated concentrations are in the range of 10−5 mol  L−1. MB
bsorbance at 664 nm (strongest peak) was used to quantify the MB
iscoloration. For the runs under evaluation shown Fig. 1, the cal-
ulated initial discoloration rates were: r0(1) 7 × 10−6 mol  L−1 h−1,
0(2) 1.3 × 10−5 mol  L−1 h−1 and r0(3) 1.1 × 10−5 mol  L−1 h−1 for
nitial concentrations of 1 × 10−5 mol  L−1, 3 × 10−5 mol  L−1 and × 10−5 mol  L−1 respectively. It is observed that as the initial con-
entration increases the initial discoloration rate increases as well.
he proximity of the r0 values corresponding to the two high-
st concentrations suggests that a nearly constant value of initialdiscoloration rate can be achieved for concentrations between
3 × 10−5 mol  L−1 and 5 × 10−5 mol  L−1. The initial pH of the MB  solu-
tion was  pH 5.9–6.3 depending on the MB  concentration in solution.
Fig. 1 shows that MB  discoloration proceeded from time zero. The
electrostatic interaction between the cationic dye and the slightly
positive TiO2 (IEP ∼ 6.6) seems to be low and not to hinder the con-
tact of MB with the PE-TiO2 ﬁlm. Since the MB discoloration was
determined by spectrophotometry, the rate constants reported in
Fig. 1 not only refer to MB  disappearance but might involve col-
ored intermediates in solution. The overall quantum yield for MB
degradation was  ∼0.25% as described in Section 2.1.Fig. 2 shows the dependence of the rate constant k for the dis-
coloration of MB  on the TiO2 loading of the PE ﬁlms. A MB solution
1 × 10−5 mol  L−1 was used for these experiments. Results show that
the MB discoloration kinetics was proportional to the amount of
76 L. Suárez et al. / Applied Catalysis A: General 516 (2016) 70–80
F wt%/w
u
T
o
c
(
M
f
d
1
a
[
p
s
by X-ray ﬂuorescence (XRF) as a function of the TiO2 Degussa P25
content of the suspension used during the preparation step. The
quantum yield for the MB  1 × 10−5 mol  L−1 discoloration under 5ig. 9. Hydrophobic/hydrophilic transformations for a sample PE-TiO2. (0.90 TiO2
nder  light, (2) hydrophilic to hydrophobic dark reverse reaction.
iO2 on the PE ﬁlm, up to a TiO2 content of 0.90 wt%/wt PE. A sec-
nd order polynomial was used to ﬁt the data presented and the
orrelation (R2) found was 0.9963.
The insert in Fig. 2 shows a total organic carbon decrease
TOC) from 8.7 mg  organic C L−1 to 3.5 mg  organic C L−1 for a
B 5 × 10−5 mol  L−1 solution. This concentration of MB was used
or the TOC experiments because the reproducibility of the TOC
ata for a solution 5 × 10−5 mol  L−1 was higher compared to a MB
 × 10−5 mol  L−1 solution. The elimination of all the TOC was not
chieved. This agrees with the results reported by Houas et al.
31] reporting that long-lived C-containing intermediates were
roduced during the photocatalyzed degradation of MB  on TiO2
uspensions.t PE), under mercury light 4.3 mW cm−2 (1) hydrophobic to hydrophilic coversion
3.2. Effect of light intensity on MB discoloration and ICP-MS
evidence for the stable performance of PE-TiO2 during repetitive
use
Fig. 3 shows the signiﬁcant effect of the light intensity (photon
ﬂux) in the MB-discoloration kinetics. A small decrease of 5% was
observed by MB  absorption on PE-TiO2 (Fig. 3, trace 1). MB adsorbs
on the PE-TiO2 ﬁlm, which by itself does not degrade MB.
Table 1 presents mass ratio for the loading of TiO2 on PE obtainedlamps irradiation (4.3 mW cm−2) was 0.25%. This latter value was
L. Suárez et al. / Applied Catalysis A: General 516 (2016) 70–80 77
Fig. 10. XPS signals of Ti, C and O at: 1) time zero 2) after discoloration of a MB 3 × 10−5 mol  L−1 solution, under mercury ligh irradiation 4.3 mW cm−2 on PE-TiO2 ﬁlms (0.90
TiO2 wt%/wt PE).
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Table  1
TiO2 wt%/wt PE determined by X-ray ﬂuorescence as a function of the TiO2 content during the preparation of PE-TiO2.
TiO2 Degussa P25 suspension concentration (g/L) TiO2 wt%/wt PE Experimental error (%)
2.5 g/L 0.46 0.02
5.0  g/L 0.57 0.02
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c10.0 g/L 0.63
20.0 g/L 0.88
30.0 g/L 0.90
stimated in the following way: a value Fe2+ of 1.26 was taken for
he Fe 2+. The moles of photons s−1 were estimated (1.95 × 10−7
insteins s−1). The transformed moles of MB  per second were esti-
ated as 4.93 × 10−10 mol  s−1 from the degradation of a solution
B  1 × 10−5 mol  L−1 on a sample PE-TiO2: 0.9%TiO2 wt/wt PE under
 mercury light dose of 4.3 mW cm−2. The amount of moles of MB
er s−1 was then divided by the Einsteins s−1 to report the quantum
fﬁciency of 0.25%.
In a separate set of experiments, degradation of MB  at concen-
rations <10−5 were seen to require a lower number of photons to
nduce an acceptable MB-discoloration kinetics. Saturation effects
ere found in Fig. 3 during the irradiation of MB  1 × 10−5 mol  L−1
hen the number of photons was increased by a factor >4 by
ncreasing the applied light intensity as shown in Fig. 3 traces 2 to
. This shows that sufﬁcient MB  molecules were present to absorb
igher levels of UVA photons cm−2 s−1. Higher applied light inten-
ities (traces (5,6) led to a slower increase in the MB-discoloration
inetics. A slower increase in the dye degradation kinetics was
bserved when the applied light intensity was increased during the
egradation of colored pigments in commercial paints as reported
y Egerton and King [32]. A change in the applied higher light doses
n Fig. 3 affects less the MB-degradation compared to a variation of
he light dose applied at low intensities.
The trend in the MB-discoloration times shown in Fig. 3 suggests
hat radical species generated at the PE-TiO2 surface leads to MB-
iscoloration and the reactive oxygen species (ROS) diffuse within
hort distances. These distances can be estimated in the following
ay: a) a rate of production of HO2• (ka[HO2•] ≈ 106 M−1 s−1) has
een reported for the reaction between the HO2• and anthracene, a
olecule with a 3 ring structure close to MB  [2,3]. For the reaction
etween HO2• and MB  (1 × 10−5 mol  L−1), it is possible to assess
he lifetime of the reaction-pair HO2• and MB  as 1 = ka
[
OH•2
]
[MB]
ith kaOH ≈ 107 M−1 s−1. Next, we take in the Smoluchowski sim-
liﬁed relation x2 = D a value of D = 5 × 10−6 cm2 s−1 for the
verage value for low molecular weight molecules, in this case MB
iffusing in aqueous solution. This leads to a value of 71 m for the
iffusion length of HO2•, b) by a similar approach and taking for the
H• kb[OH•] ≈ 109 M−1 s−1 leads to a diffusion length of ∼2.2 m
or the HO• away from the PE-TiO2 ﬁlms.
Fig. 4 shows the recycling use of a PE-TiO2 sample up to the
th cycle. No loss of activity was observed during the repetitive
egradation of MB 1 × 10−5 mol  L−1. The sample was  thoroughly
ashed after each recycling run. By ICP-MS, values <1 ppb Ti were
etected as leaching out of the PE-TiO2 sample after each recy-
ling. This means that practically no TiO2 could be detected out of
he samples during repetitive MB-degradation. But when aMB  sam-
le 5 × 10−5 mol  L−1 was discolored for 3 times, Ti concentrations
etween 14 and 28 ppb were detected. These latter concentrations
f TiO2 were not sufﬁcient to degrade MB by themselves.
.3. Scavenging of the oxidative species leading to MB
egradation. Mechanism of reactionReactive oxygen species (ROS) are chemically reactive
olecules containing oxygen, like superoxide, hydroxyl radi-
al, and singlet oxygen. The different ROS radicals have been0.02
0.03
0.03
widely documented as being photo-induced by TiO2 band-gap
irradiation [4–6]. The contribution of these ROS in the study of MB
degradation by PE-TiO2 was  monitored and is presented below in
Fig. 5.
Fig. 5 presents the results of the scavenging of radicals in a MB
3 × 10−5 solution under band-gap irradiation up to 6 h. The relative
contributions of the radicals generated at the PE-TiO2 surface show:
a) trace (1) MB discoloration mediated by PE-TiO2, b) trace (2) MB
discoloration in the presence of methanol 20 mmol  L−1 a quencher
of OH-radicals, c) trace (3) MB  discoloration in the presence of NaN3
20 mmol  L−1 [2,3,35] a scavenger of oxygen singlet 1O2, d) trace
(4) MB discoloration in the presence of benzoquinone 20 mmol L−1
[33,34] a quencher of O2
•−/HO2• e) trace (5) MB  discoloration in
the presence of 20 mmol  L−1 ethylene-diamine tetra-acetic acid
disodium salt (EDTA-2Na), a widely used TiO2vb(h+) scavenger
[1–3]. Based on the results shown in Fig. 5, the scavengers (1–5)
quench the radical intermediates leading to MB  degradation. EDTA-
Na 2 mmol  L−1 is shown to be the most active species precluding
almost completely MB  degradation due the scavenging of the
TiO2vbh+ species. The relative importance of the species interven-
ing in MB  discoloration would be: vbh+ > O2•−/HO2• > 1O2 > OH•.
A simpliﬁed MB-degradation mechanism including the radical
species leading to the dye degradation is suggested below:
MB  + [PE-TiO2] + light → [PE-TiO2∗]MB  → MB+. + PE-TiO2cbe- (6)
PE-TiO2cbe- + O2 + H+ ⇔ HO2•E0−0.05NHE[36] (7)
PE-TiO2cbe- + O2ads → O2
•−
adsE0−0.16NHE (8)
PE-TiO2vbh+ + OH−ads → OH•E0−1.90NHE (9)
PE-TiO2vbh+ + H2Oads → OH•ads + H+ (10)
O2
•− + H + → HO2•pKa4.8 (11)
In Reaction (11) the HO2• radical is stable at pH <4.8, above this
pH more than 50% is present in the form of O2−•. The MB initial pH
for solutions in evaluated in Fig. 5 was 6.1–6.2 and the ﬁnal pH was
4.6–4.7 after 6 h irradiation. This is more than a tenfold increase
in the solution H+-concentration which would favor the back reac-
tion and therefore the build up of the HO2• radical in Eq. (7). Eq.
(10) is the most important reaction leading to MB degradation due
to: a) the strong scavenging effect of the vbh+ previously shown in
Fig. 5 by EDTA-Na 2 mmol  L−1, b) the observed increase in acidity
of the MB  solution far above one pH unit-unot and ﬁnally c) the
OH•-radicals in Eq. (10) undergo the one electron reduction reac-
tion OH•/OH− with E0 1.90 NHE vs HO2
•− radicals undergoing the
reduction O2
•−/HO2• at a somewhat lower level of E0 0.75 NHE.
3.4. Temporal evolution of radicals on PE-TiO2, OH-radical
detection by ﬂuorescence and optical absorption by PE-TiO2
samples
Fig. 6a shows that the MB  discoloration within 3 h is almost com-
plete at pH 3. Fig. 6b shows the results for the same solution as used
in Fig. 6a but at pH 6. A faster MB discoloration rate was observed
at pH 6. Next, we added benzoquinone (BQ) 2 mmol L−1 to the MB-
solution at pH 3. The MB discoloration shown in Fig. 6c was slower
compared to the discoloration without addition of BQ (Fig. 6a). BQ
lysis A: General 516 (2016) 70–80 79
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Table 2
Surface percentage atomic concentration of PE-TiO2 during MB  discoloration as
determined by XPS. The ﬁrst row refers to a samples of PE-TiO2 contacted with
MB  for a short period in the dark.
Reaction time (h) C N O S Ti
0 57.0 0.43 30.7 0.20 11.65
0.5  57.6 2.10 29.1 0.30 10.80
1  59.6 1.92 27.3 0.84 10.25
2  68.3 2.57 20.8 0.62 7.58L. Suárez et al. / Applied Cata
s added next at pH 6. Fig. 6d shows faster discoloration kinetics
ompared to the data reported in Fig. 6c. This due to the effect of
he non-protonated superoxide anion-radical (O2
•−) being more
ffective than the HO2• present at pH 3, based on what explained
or Reaction (11). The diffusion controlled electron transfer at pH 6
s shown in Eq. (12).
Q + O2
•− → BQ− + O2 (12)
Fig. 6e shows the effect of the addition of the 1O2 quencher NaN3
20 mmol  L−1) at pH 3. A strong decrease is observed in the MB
iscoloration initial stages <1 h indicating that the oxygen singlet
O2 intervenes from the beginning in MB  discoloration. An almost
imilar effect was observed for the NaN3 addition to a MB  solution
t pH 6. The NaN3 effect decreases strongly after 1 h (Fig. 6e). This
uggests that NaN3 the 1O2 is produced in the initial reaction stages
nd subsequently reacts with long-lived intermediates produced
uring MB  degradation further generating O2
•− [31].
MBlong-livedintermediates + 1O2
→ intermediatecations(D+) + O2
•− (13)
Next BQ + NaN3 were added at pH3 and pH6 to sort out the
ffects of the combined quenchers on MB-discoloration as a func-
ion of the solution pH. Fig. 6f) shows that at pH 3, the added
cavengers were more effective than at pH 6 (Fig. 6g)). MB-
iscoloration seems to be controlled mainly by the HO2−
•
/O2−
•
as
uggested by the equilibrium in Eq. (11).
Fig. 7 shows the increase in OH• species as a function of the
E-TiO2 irradiation time. The increase in the ﬂuorescence inten-
ity is proportional to the concentration of OH• in solution. Details
f the analysis have been already described in the Section 2 [30].
his data further conﬁrms the presence of OH• radicals during MB-
iscoloration as previously shown in a qualitatively way in Fig. 5.
he optical density (OD) of the different PE-TiO2 ﬁlms is shown in
ig. 8. TiO2 absorption is below 400 nm and in Fig. 8a tail absorption
s seen at longer wavelengths. For this reason a second set of mea-
urements was  carried out in an instrument designed to measure
eﬂectance and transmittance of ﬁlms (aRTie (F2-RT) Filmetrics)
27].
.5. Implications of the hydrophobic-hydrophilic transformation
nder TiO2 band-gap irradiation and dark reverse reaction of
E-TiO2 ﬁlms
Fig. 9a shows the reduction in the CA of the PE-TiO2 ﬁlm under
ercury light irradiation from the hydrophobic CA of 92◦ at time
ero to a value < 5◦ within ∼5 h The hydrophobic-hydrophilic trans-
ormation is induced by the photo-generated holes of the TiO2
nvolving trapped lattice oxygen sites [2,3,37]. The reverse trans-
ormation to the initially hydrophobic PE-TiO2 was  observed to be
omplete in about 100 h. This implies that the most favorable dis-
oloration time for solutions of MB  1 × 10−5 M during the repetitive
se of a PE-TiO2 ﬁlm, requires a long recovery of the photocatalyst.
Fig. 9b shows the hydrophobic to hydrophilic transformation as
 function of ϒS under mercury light irradiation within ∼5 h and
he back transformation to the hydrophobic initial state in the dark
s a function of ϒS within 100 h. This plot was obtained by integrat-
ng “cos ” in the Young’s equation. The wettability is commonly
valuated in terms of the contact angle (CA/) in Young’s equation
2,3].S = ϒSL + ϒL ·cos (14)
In Eq. (14) ϒS and ϒL are the surface free energies per unit area
f the solid and liquid respectively, and ϒSL is the interfacial free4  68.0 2.74 21.6 0.77 6.86
8  55.0 1.48 31.4 0.52 11.50
energy per unit area. In addition, ϒSL can be approximated using
the Girifalco-Good equation [30], with ϒS and ϒL, as
ϒSL = ϒS + ϒL − (ϒSϒL)1/2 (15)
Here,  is a constant parameter ranging from 0.6 to 1.1, depending
on the solid. In addition, ϒL is the water surface free energy, which
has a constant value of 74 mJm-2. Therefore, by combining Eq. (14)
and (15), the ϒS can be expressed as:
ϒS = C(1 + cos)2(C : constant) (16)
3.6. X-Ray photoelectron spectroscopy (XPS) peak changes during
the MB-discoloration process
Table 2 presents the atomic surface concentration percentage
variation of several elements during the discoloration of MB  on
PE-TiO2 photocatalyst. It is readily seen that the C, N and S con-
tent increase during the ﬁrst 4 h due to the residues (intermediates
long-lived organic decomposition products, sulfate-ions, nitrate-
ions) accumulating on the ﬁlm surface. After 8 h, their percentages
decrease since the long-lived C-residues convert into CO2 and
the oxidation of N and S in the presence of air (O2) takes place,
being converted into volatile N- and S-species. The O-content and
the Ti-content seem to decrease within the ﬁrst 4 h, as the MB-
decomposition residues shield the O and Ti-signal of the PE-TiO2
surface. Once the organic and N, S fragments from MB  degradation
are removed after 8 h, the Ti initial surface content is re-established.
This shows the catalytic removal of MB  is possible by the PE-TiO2
photocatalyst.
Fig. 10 shows the peaks of Ti, C, and O before and after 4 h irra-
diation of a solution MB  3 × 10−5. The carbon C1s at 284.6 eV was
used as the reference for the peak positions of Ti, C, and O the
XPS spectrogram [38,39]. The Shirley correction was  used to cor-
rect the electrostatic charging effect during the XPS measurement
[40]. The Ti2p doublet peak binding energy BE is seen to shift from
457.01 eV to 457.26 eV. This suggests the MB-degradation proceeds
concomitant with redox reactions in the PE-TiO2 ﬁlm. This is a fur-
ther evidence for the photocatalysis proceeding through Ti3+/Ti4+
species on the surface of the ﬁlms since the peak shift is > 0.2 eV
[38]. The shift in the C1s BE originating from the PE is seen by the
peak shift from 283.38 eV to 283.12 eV. This again conﬁrms redox
reactions occurring in the C- within the time of MB discoloration.
Redox behavior was  again observed during the O1s peak shift in
the last graph of Fig. 10.
4. Conclusions
A comprehensive, detailed and systematic study is presented
for a stable PE-TiO2 ﬁlm leading to the degradation of MB with
acceptable kinetics under TiO2 band-gap irradiation. This study
presents several ﬁndings by the PE-TiO2 ﬁlms related to impor-
tant photocatlytic issues. An innovative adhesive coating of TiO2
on PE is presented prepared in an environmentally friendly way,
at low temperatures and not requiring expensive instrumenta-
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[37] S. Rtimi, C. Pulgarin, R. Sanjines, J. Kiwi, RSC Adv. 3 (2013) 16345–16348.
[38] C.D. Wagner, E.L. Davis, G.E. Müllenberg, (Ed) Handbook of X-Ray0 L. Suárez et al. / Applied Cata
ion. Evidence is presented for the PE-TiO2 ﬁlms able to degrade
B in a repetitive way showing the same MB-degradation kinet-
cs. Scavenging experiments identifying the ROS species leading to
B degradation are reported for the ﬁrst time. The TiO2vbh+ was
hown to be the most effective species leading to MB-degradation.
he diffusion length for the HO2• and OH• radicals was estimated
eaching short distances away from the PE-TiO2 ﬁlms. The ﬁrst
vidence is presented for the PE-TiO2 contact angle (CA) conver-
ion from the initial hydrophobic (92◦) to super-hydrophilic values
<5◦). The time of the conversion was concomitant with the MB-
iscoloration time (5 h). The PE-TiO2 ﬁlms show a potential for
ractical applications to degrade dyes in water-treatment due to
heir stable repetitive photocatalytic performance.
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